Background
==========

Proton magnetic resonance spectroscopy (^1^HMRS) provides information on the concentrations of metabolites at different locations \[[@b1-poljradiol-81-473]--[@b7-poljradiol-81-473]\]. Individual regions of the brain differ between one another in structure and function, and thus in the levels of metabolites being present in each of these regions \[[@b8-poljradiol-81-473]--[@b12-poljradiol-81-473]\]. Relatively few studies are available to confirm this suggestion; in addition, they pertain only to adult patients.

As metabolic changes are highly likely to occur in the brain with age \[[@b9-poljradiol-81-473],[@b13-poljradiol-81-473]--[@b16-poljradiol-81-473]\], no direct comparisons of spectroscopic data from adults and children should be made in clinical practice. Therefore, the objective of this study is to attempt the determination of differences in metabolite concentrations between four regions of the brain (frontal lobe, basal ganglia, hippocampus, and cerebellum) in a group of children aged 6--15 years on the basis of proton magnetic resonance spectroscopy (^1^HMRS).

Material and Methods
====================

Study group
-----------

A total of 49 healthy children aged 6--15 years (mean age: 11.6 years), including 21 girls and 28 boys, were included in the study. The study group was selected according to the criteria of absence of craniocerebral injuries or nervous system disorders. The study had received a positive opinion from the Bioethics Committee of the Jagiellonian University Medical College.

Study protocol
--------------

A 1.5T MR system (Signa HD xt 1,5 T General Electric) was used in the study. T2-weighted images (structural imaging), were acquired and used for the planning of regions in which the ^1^HMRS signals were further collected. Volumes of interest (VOIs) were identified within 7 locations including right frontal lobe, left frontal lobe, right basal ganglia, left basal ganglia, right hippocampus, left hippocampus, and cerebellum. The selected locations were located symmetrically in the left and the right hemisphere with the exception of centrally-located cerebellum. The spectra were acquired using the point-resolved spectroscopy sequence (PRESS) at TE=35 ms, TR=1500 ms, no. of acquisitions=128, slice thickness=20 mm, FOV=2×2 cm.

Preprocessing and analysis of data
----------------------------------

The data obtained in ^1^HMRS scans were analyzed using SAGE 7.0 software (Spectroscopy Analysis, GE). Areas under individual peaks of the spectrum were used to determine absolute concentrations of the following metabolites: N-acetylaspartate (NAA), creatine (Cr), choline (Cho), myoinositol (ml), lipids (Lip), and lactates (Lac). Next, relative concentrations of these metabolites were calculated as ratios of concentrations of individual metabolites to the sum of the concentrations of all metabolites as well as to the concentration of creatine. For the symmetrically distributed locations (frontal lobes, basal ganglia, hippocampi), mean levels were calculated by adding up the left and the right hemisphere levels and subsequently dividing the result by 2. Statistical analysis was performed for all the determined concentrations (means and standard deviations were calculated). The differences between the levels of metabolites in different brain regions were verified using the t-test for independent samples. The statistical significance level for the results was accepted as p\<0.05.

Results
=======

The results obtained in the study were analyzed and presented in graphs and a table. [Figure 1](#f1-poljradiol-81-473){ref-type="fig"} compares the absolute concentrations of individual metabolites at the study locations. [Figure 2](#f2-poljradiol-81-473){ref-type="fig"} presents a similar comparison of relative concentrations calculated against the concentration of Cr, while [Figure 3](#f3-poljradiol-81-473){ref-type="fig"} presents the comparison of relative concentrations calculated against the sum of concentrations of all metabolites. [Table 1](#t1-poljradiol-81-473){ref-type="table"} lists the concentrations of metabolites for which statistically significant differences were observed between individual locations.

Significant differences between different regions of brain were observed for all the metabolites. Only in the case of Lip/Cr ratio and the ratio between Lip levels and the sum of concentrations of all metabolites no such differences could be observed. Lac/Cr ratios differed significantly between the frontal lobe and the remaining locations while the concentration of Cho relative to the sum of concentrations of all metabolites differed significantly between basal ganglia and the remaining locations. NAA was characterized by the largest regional diversity as significant differences in its levels were observed for all pairs of locations. The highest NAA levels were observed within the basal ganglia while the lowest levels were observed within the hippocampus. Also in the case of Cr, the highest levels were observed within the basal ganglia and the lowest levels were observed within the hippocampus. Similar levels of CR were observed in the pair of regions consisting of the frontal lobe and cerebellum. The relative concentration of mI calculated against the sum of concentrations of all metabolites differed significantly between all brain regions while no significant differences were observed for the mI/Cr ratio other than between the frontal lobe and cerebellum. Relative concentrations of Cho/Cr and Cr calculated against the sum of all metabolites were similar only between the frontal lobe and hippocampus and between the basal ganglia and cerebellum. The relative concentrations of all metabolites calculated against the Cr concentration were lower within the cerebellum as compared to the other brain regions with the exception of Cho/Cr and mI/Cr for which the cerebellar levels were lower than those in the frontal lobes and basal ganglia yet higher than in the hippocampus.

Particularly large differences in metabolite concentrations were observed between the hippocampus and the remaining brain regions. This was true for all metabolites and all locations. Significant differences between the hippocampal and frontal lobe levels were observed in relative concentrations of NAA/Cr, mI/Cr, Lac/Cr as well as the relative concentrations of NAA, mI and Lac calculated against the sum of concentrations of all metabolites. In the comparisons between hippocampal and cerebellar levels, significant differences were observed in relative concentrations of NAA/Cr, Cho/Cr, mI/Cr, as well as the relative concentrations of Cr and mI calculated against the sum of concentrations of all metabolites whereas in the comparisons between hippocampal and basal ganglia levels, significant differences were observed in relative concentrations of Cho/Cr, mI/Cr as well as the relative concentrations of all metabolites besides Lip calculated against the sum of concentrations of all metabolites. Significant differences between cerebellar and frontal lobe levels were observed for NAA, NAA/Cr, Cho/Cr, Lac/Cr as well as the relative concentrations of NAA, Cr, and mI calculated against the sum of concentrations of all metabolites. When comparing the cerebellum and basal ganglia, significant differences were observed for NAA, Cr, Lac, NAA/Cr, mI/Cr, as well as relative concentrations of NAA, Cho, and mI calculated against the sum of concentrations of all metabolites. Significant differences between basal ganglia and the frontal lobe were observed for NAA and Cr (absolute concentrations), relative concentrations of Cr, Cho, and mI calculated against the sum of concentrations of all metabolites as well as relative concentrations of all metabolites calculated against the Cr concentration with the exception of Lip/Cr.

Discussion
==========

All researchers involved in ^1^HMRS studies of brain admit that human brain is inhomogeneous in terms of the distribution of metabolites \[[@b9-poljradiol-81-473],[@b10-poljradiol-81-473],[@b17-poljradiol-81-473]\]. Differences in NAA, Cr, Cho, and mI concentrations between individual brain locations were the subject of numerous studies taken up by different research teams, with the obtained results differing between studies \[[@b18-poljradiol-81-473]\]. In this study, significant differences in metabolite concentrations were observed between individual brain locations for all the metabolites examined in the study, which was in line with current literature reports \[[@b10-poljradiol-81-473]\].

Hippocampus
-----------

The hippocampus plays an important role in emotional and memory processes \[[@b19-poljradiol-81-473]\]. Hippocampal levels of all the metabolites were lower than in the remaining brain regions, the differences being statistically significant. The obtained results are in line with those obtained by the team led by Angelie \[[@b16-poljradiol-81-473]\]. The observation was the consequence of the reduced neuronal density within the hippocampus. As also demonstrated by Angelie's group, concentration of NAA as calculated against the sum of concentrations of all the metabolites is significantly lower within the hippocampus as compared to the other brain regions, which is partially in line with the results of our study. Komoroski \[[@b20-poljradiol-81-473]\] observed a significant difference between the NAA/Cr concentration ration between the left and the right hippocampus and the remaining parts of the brain. Otsuka \[[@b19-poljradiol-81-473]\] was one of the few researchers to conduct spectroscopic studies in pediatric patients. His reports were also not fully compliant with the results obtained in our study, as he showed that hippocampal concentration of Cho in healthy children was higher than that in the cerebellum while the opposite was true for Cr levels. In our study, both these metabolites were characterized by hippocampal levels being lower than the cerebellar ones.

Cerebellum
----------

The main function of cerebellum consists in motor coordination and muscle tone control. Minati \[[@b10-poljradiol-81-473]\] verified the concentrations of mI, NAA, Cr and Cho in several locations within the brain. Cerebellar concentrations of these metabolites were found to be higher than those in the frontal lobe or hippocampus. In our study, we also observed the cerebellar levels of these metabolites to be higher than those within the hippocampus; however, only absolute Cr and mI levels as well as relative concentrations of Cr, Cho, and mI as calculated against the sum of concentrations of all the metabolites were higher in the cerebellum than in the frontal lobes.

Frontal lobes
-------------

Frontal lobes are largely responsible for reasoning and memory processes. In this study, NAA/Cr and mI/Cr ratios were differed significantly between the frontal lobe and the hippocampus which was in line with the results obtained by Santos \[[@b11-poljradiol-81-473]\] in a group of young patients (age \<30 years). Santos demonstrated significant differences in NAA/Cr, Cho/Cr, and mI/Cr ratios. Concentration of Cr, as well as the concentrations of all metabolites relative to that of Cr (except for Lip/Cr) were significantly different between the frontal lobe and basal ganglia. Sailasuta \[[@b18-poljradiol-81-473]\] also observed a significant difference in Cr levels between both these locations. A statistically significant difference in metabolite concentrations was also observed between this locations in the case of Cho; however, this could not be confirmed by the findings of our study. Lac/Cr was differed significantly between the frontal lobe and the remaining locations. Grachev \[[@b17-poljradiol-81-473]\] demonstrated the differences between metabolite concentrations at individual brain regions: the levels of NAA, mI, and Lac are higher within the frontal lobe than in the thalamus while the opposite is true in case of Cho. In this study, the thalamic spectrum was not analyzed; however, the metabolites were also demonstrated to be present at high concentrations within the frontal lobe.

Basal ganglia
-------------

The basal ganglia play a multitude of roles associated with the motor control as well as with cognitive processes. Based on the results of the ^1^HMRS study, basal ganglia were characterized by the highest concentrations of NAA, Cr, Cho, Lip, and Lac among all the studied locations. Komoroski \[[@b20-poljradiol-81-473]\] demonstrated that NAA/Cr ratio differed significantly between the left basal ganglion and the remaining parts of brain. Cho/Cr and mI/Cr ratios also differed significantly between the basal ganglia and other cerebral regions as also confirmed by our study team.

Most studies differed in the examination parameters. Different MR devices and different MRS techniques are used by the researchers \[[@b1-poljradiol-81-473],[@b20-poljradiol-81-473]\]. Therefore, it is difficult to accurately and fully reliably compare the results obtained by individual researchers \[[@b20-poljradiol-81-473]\]. Oftentimes, it is also difficult to compare specific metabolite levels as the research teams present their study results in different forms. Currently, the results are most often presented as relative concentrations, although absolute values are sometimes used as well \[[@b8-poljradiol-81-473],[@b21-poljradiol-81-473]\]. Therefore, we decided to present our study results as both absolute concentrations and relative concentrations (calculated against the concentration of Cr as well as against the sum of the concentrations of all metabolites).

Based on the obtained results, it was concluded that cerebral location had an effect on the levels of individual metabolites. Local chemical properties (different concentrations of metabolites) are due to different energetic demands \[[@b9-poljradiol-81-473]\] and different tissue structures \[[@b12-poljradiol-81-473]\] in various brain regions. Individual traits may also be responsible for the differences \[[@b1-poljradiol-81-473]\], with differences between the concentrations of different metabolites at a particular location in different subjects being lower than the differences between the concentrations of these metabolites in different regions of the brain of the same subject \[[@b9-poljradiol-81-473]\]. This should be kept in mind when conducting diagnostic measurements in children \[[@b13-poljradiol-81-473],[@b19-poljradiol-81-473]\].

Conclusions
===========

The obtained results may be used as reference values in future ^1^HMRS studies in children. The study shows that a child's brain is inhomogeneous and that statistically significant differences in concentrations are observed for all metabolites across the brain regions. No significant differences between individual brain regions could be observed only in the case of Lip/Cr ratio and the ratio between Lip levels and the sum of concentrations of all metabolites.

The obtained results are in line with the earlier studies conducted in adult patients and emphasize the need for regional differences in metabolite concentrations being taken into account also when comparing ^1^HMRS examinations results in children.
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###### 

The list of metabolite concentrations with statistically significant differences between the brain regions (\* p\<0.05).

                  Frontal lobe                                                                  Basal ganglia                                                                          Cerebellum
  --------------- ----------------------------------------------------------------------------- -------------------------------------------------------------------------------------- -------------------------------------------------------------------
  Basal ganglia   NAA, Cr, NAA/Cr, Cho/Cr, mI/Cr, Lac/Cr, Cr/Sum, Cho/Sum, mI/Sum               --                                                                                     --
  Cerebellum      NAA, NAA/Cr. Cho/Cr, Lac/Cr, NAA/Sum, Cr/Sum, mI/Sum                          NAA, Cr, Lac, NAA/Cr, mI/Cr, NAA/Sum, Cho/Sum, mI/Sum                                  --
  Hippocampus     NAA, Cr, Cho, mI, Lip, Lac, NAA/Cr, mI/Cr, Lac/Cr, NAA/Sum, mI/Sum, Lac/Sum   NAA, Cr, Cho, mI, Lip, Lac, Cho/Cr, mI/Cr, NAA/Sum, Cr/Sum, Cho/Sum, mI/Sum, Lac/Sum   NAA, Cr, Cho, mI, Lip, Lac, NAA/Cr, Cho/Cr, mI/Cr, Cr/Sum, mI/Sum
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